Measurements of humidity at a height of 4 m were made at Halley Research Station between 1995 and 1997 using a frost point hygrometer. Relative humidities were usually close to ice saturation, particularly during the winter, but ice supersaturations of up to 20% were frequently measured. Supersaturation with respect to liquid water was rarely observed. During the summer, diurnal variation in temperature drove a daily cycle in relative humidity, although corresponding variations in mixingratio were comparatively small. It is suggested that the high frequency of ice supersaturations and almost total absence of water supersaturation results from the high abundance of condensation nuclei relative to ice nuclei.
Introduction
Accurate measurement of atmospheric humidity is problematic at the low tcmperatures that generally prevail at Antarctic stations. Conventional wet and dry bulb psychometry becomes increasingly inaccurate as temperatures decrease (King & Turner 1997, p 15) , while solid-state hygristors require special calibration for low-temperature operation (Anderson 1994) . Furthermore, none of these techniques can measure humidities above ice saturation. As a consequence, published humidity climatologies for Antarctic stations are unlikely to be highly accurate.
Cooled-mirror frost point hygrometers offer the possibility of making accurate humidity measurements at low temperatures and/or humidities. The principle of operation of such instruments is relatively straightforward: sampled air is drawn over the surface of a mirror which is cooled until an optical system detects the formation of dew or frost. The mirror temperature then gives the dew or frost point, from which the water vapour pressure and other humidity variables can be calculated. Ifthe sampled air is heated to above its frost point, humidities greater than ice saturation can be measured. In this paper we present a humidity climatology for a coastal Antarctic station derived from measurements made with a commercial frost point hygrometer.
The measurement site
Halley Research Station (75"35'S, 26"25'W) is situated on the Brunt Ice Shelf on the south-eastern shore of the Weddell Sea. Thegeneral climatology of thestation (not including humidity measurements) is described by Konig-Langlo et al. (1998) . Monthly mean temperatures range between around -5°C in the summer months to around -30°C inmid-winter. Conditions at the station are strongly influenced by weather systems moving across the Weddell Sea and the coastal location of the station means that it experiences air masses which have originated both from over the Antarctic continent and from the Atlantic sector of the Southern Ocean.
Instrumentation
In early 1995, a DP3-D dew-point hygrometer (MBW Elektronik AG) was installed at Halley. Air was sampled at a nominal height of 4 m above the snow surface and taken to the unit through a 6 m long heated PTFE tube of 6 mm internal diameter at an approximate rate of 1 litre per minute. The 4 m measurement height was chosen because other micrometeorological measurements were being made at this level. Heating of the sample tube is essential for accurate humidity measurement since, if any part ofthesystemis below the frost point temperature of the air being measured, water vapour will condense out before reaching the dew point cell, leading to an erroneous measurement. The temperature of the sample tube was maintained at approximately 10°C above ambient air temperature by electrical heating. Air temperature at the height of the sample tube inlet was measured using a platinum resistance thermometer in a forced-ventilation radiation shield (R.M. Young type 43408H). Analogue signals from these instruments were sampled and digitised ;at 1 second intervals and recorded as ten minute averages. The sample tube inlet was raised annually to compensate for the approximately 1.5 m snow accumulation per year at the measurement site. Through the period of the measurements described here its height ranged from extremes of 3.2 m to 5.0 m with a mean value of 4.2 m.
The platinum resistance thermometers used for air temperature measurement and measurement of the mirror temperature in the DP3-D are accurate to better than 0.1 "(3.
Measured frost points may be in error if the instrument mirror becomes contaminated with hygroscopic salts. However, the air at Halley appears to be relatively free of such aerosol and mirror cleaning was necessary only infrequently. For mirror temperatures between 0 and about -15"C, it is possible that the instrument may occasionally detect the formation of a supercooled water film rather than a frost layer, resulting in a measurement ambiguity. However, visual inspection of the mirror during operation never revealed this problem so we have assumed that, below O"C, the instrument always indicated frost point. A further source of error may arise if the pressure in the instrument differs from atmospheric pressure as aresult of the pressure drop along the sample tube. Measurements indicated that this pressure drop was about 6 hPa. The relative error in vapour pressure or relative humidity is equal to the ratio of this pressure difference to atmospheric pressure. Hence, we expect that our measured humidities will be about 0.6% below the true values.
Frost points, T,, measured by the DP3-D were converted to water vapour pressures, e, using the standard Goff-Gratch formulae (Goff 1965) for the variation of saturation vapour pressure over ice with temperature. The relative humidities RH, and RH,, with respect to water and ice respectively were then calculated as RH, = 100 e/ep RH, = 100 ele:
where e," and e; are the saturation vapour pressures over water and ice respectively at ambient air temperature and the relative humidities ale expressed as percentages. Finally the (dimensionless) humidity mixing ratio, q, was calculated as q = 0.6207 elp wherep is the station-level atmospheric pressure (measured in the same units as e), which was measured hourly as part of the synoptic meteorology programme at Halley. As noted above, the height above the snow surface of the air sampling point varied by up to k 1 m from its mean height during the course of these measurements. Monthly mean temperature gradients between 2 and 4 m never exceeded 0.55"C m-' during the course of these measurements. Assuming that the air was saturated with respect to ice at all heights, this implies that the mixing ratio at a fixed height of 4 m should differ by no more than 5% from that measured at the sampling height. during the winter months, as might be expected over a snow surface. The distributions of RH, and RH, values during 1996 are shown in Fig. 2 . This clearly shows the clustering of values close to ice saturation but it is also apparent that ice supersaturations of up to 20% occurred quite frequently. By contrast, significant water supersaturations were hardly ever recorded.
Humidity climatology

Range and distribution of relative humidity
The frequency with which ice supersaturation was observed increased with decreasing temperature. Between 0°C and -lO"C, only 4% of observations indicate supersaturation. This fraction rises to 17%, 47% and 72% forthe temperatureranges -10 to 20"C, -20 to 30°C and -30 to 40°C respectively. This largely reflects the increasing difference in saturation vapour pressures over water and ice with decreasing temperature. At all temperatures, water saturation defines the upper limit of the RH, distribution and, as temperature decreases, RH,=100% corresponds to an increasing ice supersaturation. The annual cycle of humidity Figure 3 shows monthly mean values of the hourly measurements of temperature, mixing ratio, RH, and RH, from 1 March 1995 to 31 August 1997. Between November and February (i.e. late spring and summer), monthly mean humidities were significantly below ice saturation while, during the colder part of the year, monthly means were close to ice saturation or even indicated slight mean supersaturation. RH,, by contrast, was higher during the summer than during winter. With humidities close to ice saturation throughout the year, RH, is largely determined by the ratio of esw to e:and will hence closely follow variations in temperature.
Diurnal variation of humidity during summer
During the summer months there is sufficient diurnal variation in insolation at Halley to drive a diurnal cycle in temperature and humidity. The diurnal cycle, averaged over all days in December 1995 and December 1996, is illustrated in Fig. 4 . Since this figure includes data collected on both clear and cloudy days, the mean diurnal cycles shown will be smaller than the maximum variation that will occur on clear days, Month when the diurnal variation of both insolation and net longwave radiation is greatest.
Temperatures showed a pronounced diurnal cycle, with a mean minimum of -6.9"C at 05 UT (03 local solar time) and ameanmaximumof-2.9"Cat 17UT(15 localsolartime). The diurnal cycle in mixing ratio followed the temperature cycle quite closely but was of rather small amplitude, leading to a diurnal range in vapour pressure of 0.8 1 hPa compared with 1.38 hPa range in saturation vapour pressure with respect to ice. Consequently, thecycle in relative humidity was dominated by changes in saturation vapour pressure in response to the temperature variations, while changes in the mixing ratio of the near-surface air played a secondary role. Relative humidity with respect to water remained well below saturation at all times but relative humidity with respect to ice approached saturation during the coldest part of the night and fell to its lowest values during the warmest part of the day.
Discussion
Our measurements show that, particularly during the colder months, the near-surface air at Halley is often close to saturation with respect to ice. Furthermore, a significant number of relative humidity with respect to water.
measurements indicate ice supersaturations of up to 20%, but supersaturation with respect to liquid water is rarely observed.
While there are few comparable measurements of ice supersaturation in near-surface air, these values do not seem unreasonable. Ohtake (1 970) found that humidities measured in ice fogs in Alaska at temperatures similar to those experienced at Halley almost always lay between ice and water saturation. Supersaturation is generally limited by the formation of water droplets or ice crystals which thendeplete the surrounding air of water vapour as they grow, returning humidities towards saturation. However, ice crystals can only form in ice supersaturated air if there are suitable ice nuclei present. Furthermore, in the absence of water supersaturation, only ice nuclei that are active in deposition mode (Pruppacher & Klett 1978, p. 242) will initiate crystal formation. Analysis of midlatitude air indicates that the concentration of ice nuclei in this mode of activation is a function of ice supersaturation, with concentrations ranging from about 1000 m-? at 5 % ice supersaturation to about 7000 m-3 at 20% supersaturation (Meyers etal. 1992) . Ice nuclei concentrations in Antarctic air do not appear to be greatly different from those measured elsewhere (Kikuchi 1971) . Calculations using a simple formula for crystal growth rate (Rogers 1976, p. 123) show that, for an ice nucleus concentration of lo4 m-3 and an initial ice particle radius of m, it would take around 10 hours to remove a 20% ice supersaturation at -20°C. By contrast, generating a 20% ice supersaturation from ice-saturated air at -20°C requires only a 1.5"C cooling, and cooling rates of several degrees C per hour are common during the winter at Halley. Thus, water vapour depletion by crystal growth cannot keep pace with relative humidity increases resulting from cooling, allowing ice supersaturations to develop and persist over several hours. On the other hand, condensation nucleus concentrations are generally several orders of magnitude larger than those of ice nuclei and a large number of water droplets will start to grow once water supersaturation occurs, rapidly depleting the air of water vapour and returning the relative humidity towards water saturation. An analogous calculation to that carried out for ice crystal growth shows that droplet growthcould remove a 2% water supersaturation at -20°C in less than one minute. Supercooled water fogs have, however, occasionally been observed at Halley (Anderson 1993) , indicating that water supersaturations must occur at times.
An important consequence of the frequent occurrence of near-saturation conditions is that mass loss from the snow surface as a result of sublimation will be small. King et al. (1996) have shown that sublimation is negligible during the winter months at Halley and the net transport of water vapour is towards the snow surface. During the summer months, when mean relative humidities with respect to ice are significantly below loo%, sublimation losses may become a significant part of the surface mass budget. This topic will be investigated in a future paper.
